The hypercapnic ventilatory response slope fell significantly after weight loss (2.88 ? 2.27 vs '2.24 f 1.06 litres min-' mmHg-', P< 0.05) with a significant shift of the ventilatory response curve to the right. There were no statistically significant changes in the patterns of ventilatory response.
INTRODUCTION
The occasional association between obesity and impaired ventilatory drive is well-established. The relationship was first and most clearly seen in patients with the obesity-hypoventilation or 'Pickwickian' syndrome [ 11. Later, the obstructive sleep apnoea syndrome was characterized and its link with obesity was noted [2] . Both disorders of ventilation are reported to improve after weight loss [l, 3, 4] . However, the effect of obesity on ventilatory drive has received comparatively little research attention, especially in the much larger group of subjects whose morbid obesity remains uncomplicated by respiratory failure.
A number of factors make it difficult to interpret conventional tests of ventilatory responsiveness in morbidly obese subjects. First, if respiratory failure is present, ventilatory response curves may be shifted in position simply by bicarbonate buffering. Treatment of the respiratory failure, whether by weight loss or other means, leads to shifting of the curves to a more 'normal' position, thereby complicating interpretation of any pre-and posttreatment comparison. Secondly, the effects of weight gain on ventilatory control mechanisms cannot necessarily be inferred by studies of weight loss if weight reduction is accompanied by profound metabolic changes. For example, dietary manipulation can lead to ketosis and increased responsiveness to inhaled carbon dioxide [5] ; ileal bypass surgery can produce diarrhoea with accompanying acid-base shifts and, in extreme cases, malnutrition [6] . Thirdly, there is a wide range of normal values for measures of ventilatory responsiveness [7] , so that comparison of obese subjects with a reference range or normal population will be an insensitive means of detecting obesity-induced alterations of the ventilatory control system. For these reasons, we undertook the following prospective study to examine ventilatory responses to progressive hyperoxic hypercapnia and to progressive isocapnic hypoxia in a relatively large population of patients with eucapnic morbid obesity undergoing gastroplasty to induce weight loss. Patients were studied if they did not suffer from respiratory failure and weight loss was achieved gradually yet reliably in a relatively short time without metabolic complications. Finally, each patient served as his or her own control in the assessment of the effects of obesity on ventilatory responsiveness.
METHODS

Patients
Between October 1984 and May 1988, all patients considered for gastroplasty in the treatment of morbid obesity were assessed by a member of the Respiratory Division. Those meeting inclusion and exclusion criteria for the trial underwent pulmonary function testing including measurement of ventilatory responses to hypercapnia and hypoxia before and again 3-6 months after gastroplasty.
Gastroplasty was performed as previously described [8] and was accompanied by appropriate dietary counselling. The protocol was approved by the Human Subjects Review Committee of the University of Toronto and written, informed consent was obtained from all patients.
Patients with a history of chronic respiratory disease or significant non-respiratory medical illnesses were excluded from the trial, as were those in whom spirometry revealed significant airflow limitation [forced expiratory volume in 1 s/forced vital capacity (FEVJFVC) ratio 170%]. Those with a known or suspected diagnosis of obstructive sleep apnoea were excluded from the analysis and those reporting symptoms suggestive of this disorder underwent overnight oximetry, polysomnography or both, to exclude the diagnosis. Patients with a resting arterial partial pressure of carbon dioxide (Paco,) of 2 45 mmHg (5.99 kPa) while awake were not studied. Data from patients who fail to achieve a 10 kg or greater weight loss after surgery were not analysed.
Procedures
Resting pulmonary mechanics were measured in the Pulmonary Function Laboratory on the day before rebreathing procedures were performed. Flow-volume spirometry was performed with the patient in the sitting posture and the best of at least three maximal curves was chosen according to the American Thoracic Society guidelines [9] . Functional residual capacity (FRC) was measured by helium dilution and diffusion capacity by the single-breath carbon monoxide method. Arterial blood was sampled by radial artery puncture as the patient sat quietly at rest, breathing room air.
On the day of the rebreathe studies, patients were asked to abstain from coffee, tea and xanthine-containing beverages. The ventilatory response to progressive hyperoxic hypercapnia was measured by the Read method using a bag-in-box rebreathe circuit as previously described [7, lo] . The ventilatory response to progressive isocapnic hypoxia was measured by the Rebuck-Campbell method at two partial pressures of carbon dioxide (Pa,), one approximating the subject's resting end-tidal partial pressure of carbon dioxide (PETCO,) and one approximating his or her oxygenated mixed venous partial pressure of carbon dioxide (PVco,) [7, 111 . One of two different transmittance oximeters were used to monitor arterial oxygen saturation (Sao,) continuously (Hewlett-Packard HP47201A or Biox III), but care was taken that the same instrument was used before and after surgery for each individual [12, 131. Analog output from these devices was digitized via an analog to digital converter at 20 Hz and the resulting data were stored on diskette for subsequent analysis. These data were analysed using breath detection software developed by the University of Toronto Medical Computing Group, allowing breath by breath qualification of inspiratory time (TI), expiratory time (TE), tidal volume V,, PETCO~ and Sao,, and breath by breath calculation of regression slopes.
Data analysis
Ideal body weight was derived from standard tables [14] . Results are expressed as m e a n s f s~. Pre-and postoperative variables were compared by using a paired ttest, except for response slopes which were compared using the Wilcoxon signed rank test to account for their non-normal distribution. Differences were considered significant at the P<O.O5 level. When significant postoperative changes were detected, correlations between degree of weight loss and change in ventilatory response were sought using least squares linear regression.
RESULTS
Physical characteristics and pulmonary function
Forty-one patients (12 men, 29 women) underwent gastroplasty and were referred for respiratory assessment during the study period. Twelve of these patients were excluded from the study because of a diagnosis of sleep apnoea made polysomnographically either previously or at the time of pre-operative assessment. Of the remaining 29 patients, 18 underwent overnight oximetry and four underwent polysomnography for evaluation of snoring or non-refreshing sleep. In none of these patients was significant desaturation or sleep apnoea found. These patients free of respiratory complications of obesity (three men, 26 women) were studied in greater detail pre-and post-operatively. Their mean age was 40.5 k 9.5 years and mean weight before surgery was 122.8f21. 4 P<O.O5; Fig. 1 ).
The carbon dioxide response curve was shifted to the right after surgery such that mean ventilation at a Pco, of 55 mmHg (7.32 kPa) was significantly lower (see Table 2 ). There were no statistically significant differences in the pattern of hypercapnic ventilatory response expressed as the slopes of V,, frequency of respiration ( fR) or T, versus Pco, (see Table 2 ). After surgery there was a nonsignificant trend toward a lower frequency response slope.
There was no significant linear correlation between amount of weight loss and the change in hypercapnic ventilatory response slope. When hypercapnic ventilatory response slopes were corrected for body size by dividing by body surface area, the post-operative decrease was no longer statistically significant (1.32 f 1.10 vs 1.08 f 0.53 litres min-l mmHg-' m-,; P> 0.1).
Ventilatory responsiveness to hypoxia
Both hypoxic ventilatory response slopes fell significantly after surgery (see Fig. 1 significant differences in the ventilatory patterns of hypoxic response before and after surgery when examined as the V,, fR and TI response slopes.
As for hypercapnic ventilatory response slopes, there was no significant linear relationship between amount of weight loss and the change in hypoxic slopes. When hypoxic ventilatory slopes were corrected for body size by dividing by body surface area, the decreases after surgery were no longer statistically significant. 
DISCUSSION
In a large group of patients with eucapnic morbid obesity, we have shown that weight loss after gastroplasty is accompanied by significant reductions in hypercapnic and hypoxic ventilatory response slopes. These changes occurred in the face of modest weight loss, minimal [17] failed to confirm this finding, but their study populations were not limited to uncomplicated eucapnic obesity. Burki & Baker [ 181, measuring hypercapnic and hypoxic ventilatory responses in 14 eucapnic obese subjects and 11 normal volunteers, were able to identify augmented hypoxic response slopes in the obese subjects but could find no difference in hypercanic slopes. Their results must be interpreted cautiously, as they chose to derive a single hypercapnic response slope by pooling the rebreathe data from all subjects in the group. In this pooling of data, each obese subject contributed less than three data points to the 'mean' slope for the obese group, whereas each normal volunteer contributed almost eight points to their group's 'mean' slope. More importantly, 70% of the obese subjects studied were female yet all control subjects were male.
Ventilatory responses to hypercapnia and hypoxia are preserved in normal volunteers subjected to elastic loading or to loading of the diaphragm achieved by adoption of the supine posture [19-221. Lopata & Onal [2] have shown that mass loading of the abdomen in normal subjects leads to enhanced electromyographic, occlusion pressure and ventilatory responses to inhaled carbon dioxide. Similar compensatory mechanisms, presumably neural, were probably at work in our obese subjects. However, large changes in mechanical loads are usually marked by alteration in ventilatory pattern, yet we found no consistent pattern changes as our subjects lost weight. A non-mechanical and non-neural explanation for our findings is the change in resting metabolic rate that results from weight loss or weight gain; increased metabolic rate augments the hypoxic ventilatory response [23] . Although we did not measure metabolic rate directly, it is reasonable to assume that metabolic rate was higher in our patients before surgery. To the extent that body surface area reflects metabolic rate, our data offer some indirect evidence that changes in metabolic rate were related to the observed changes in ventilatory response slopes; when corrected for body surface area, ventilatory slopes were no longer significantly different before and after weight loss. We did not find a significant linear relationship between the amount of weight loss and the change in ventilatory slopes, although there were non-significant trends, such that patients showing the greatest weight loss were likely to show the greatest changes in response slopes. The lack of significance in this relationship may suggest that the sample size was too small to demonstrate such a relationship or that the relationship is not a simple linear one. It is noteworthy that the post-operative decrease in ventilation at a Pco, of 55 mmHg during hypercapnic responses and the decrease in ventilation at an Sao, of 80% during hypoxic responses, were similar in percentage terms to the decrease in body weight.
Hormonal factors may have contributed to the changes we observed. Large adipose mass is associated with both increased oestrogen storage and increased conversion of adrenal androgens to oestrone [24] . A recent study has shown that oestrogen works synergistically or additively with other metabolic stimuli to augment hypoxic ventilatory responsiveness [25] . As well, cyclical changes in [27] . In this study, FRC rose slightly between measurements, a change which would tend to lower rebreathe slopes. It is also likely that cardiac output fell after surgery with the decrease in body mass. We have not reported post-operative Paco, values; arterial puncture was performed for clinical purposes before surgery but was felt to be inappropriately invasive for purely research purposes after surgery. Oxygenated Pvco, and PETCO~ were measured and showed minimal decreases after surgery. It is therefore likely that Paco, values fell slightly with weight loss.
